SUMMARY The role of methionine enkephalin (ME) neurons in the development of genetic hypertension in SHR is the subject of this study. Methionine enkephalin-like immunoreactivity (MELI) and ME receptor binding (MERB) levels were assayed quantitatively by microdensitometry of fluorescence micrographs and autoradiographs of 85 cerebral nuclei and areas of both young and adult spontaneously hypertensive rats (SHR). Normotensive Wistar Kyoto rats (WKY) were used as controls. In young SHR, both MELI and MERB levels were markedly higher in the n. dorsal is nervi vagi, n. amygdaloideus medial is, and group of stria terminal nuclei than in those of young WKY, while both levels were lower in the n. reticularis lateralis, n. corporis mamillaris lateralis, and n. arcualus. MELI levels in the tractus spinalis nervi trigemini and MERB in the n. tractus spinalis nervi trigemini and median eminence were also lower in young SHR, whereas MERB in the n. amygdaloideus central is was higher. Alteration in these nuclei was no longer detectable in adult SHR. Whereas in adult SHR, both MELI and MERB levels in the n. reticularis medialis were higher than those of adult WKY, and MELI in the n. accumbens septi and MERB in the n. caudatus were also higher, while MELI in the area lateral is hypothalami was lower than that in adult WKY. The findings indicate that activation of ME neurons in the n. dorsal is nervi vagi and limbic area and also a decrease in ME neuronal activity in the area spinalis nervi trigemini, n. reticularis lateralis, and n. arcuatus may be causally related to the development of hypertension and hyperreactivity in SHR. (Hypertension 4: 662-669, 1982) KEY WORDS • methionine enkephalin • blood pressure • hypertension • SHR I NCREASING evidence is being accumulated that endogenous opiate neurons in the brain may be involved in cardiovascular regulation. Administration of stable methionine enkephalin (ME) analogs and B-endorphin into the cisterna magna produces an initial and transient increase in blood pressure and heart rate followed by a delayed hypotension and bradycardia in anesthetized dogs' and causes preferential hypotensive effects in anesthetized rats.
I
NCREASING evidence is being accumulated that endogenous opiate neurons in the brain may be involved in cardiovascular regulation. Administration of stable methionine enkephalin (ME) analogs and B-endorphin into the cisterna magna produces an initial and transient increase in blood pressure and heart rate followed by a delayed hypotension and bradycardia in anesthetized dogs' and causes preferential hypotensive effects in anesthetized rats.
2 ME and leucine enkephalin (LE) produces preferential vasopressor effects in anesthetized rats 2 and conscious rats. 3 Regardless of biphasic or highly variable effects of opiate peptides, naloxone inhibits all cardiovascular effects. 1 ' 1 The role of cerebral endogenous opiates could be implicated in the baroreceptor reflex, since synthetic opiate or opiate peptide attenuates bradycardia caused by pressor responses to phenylephrine,- 1 angiotensin II, 4 and carotid occlusion. 5 Of particular interest is the high concentrations of ME immunoreactivity in cell bodies and nerve terminals known to be involved in cardiovascular control. These areas are the nucleus (n.) tractus solitarii, n. arcuatus, n. interstitialis striae terminalis, and magnocellular nuclei. 6 "
In spontaneously hypertensive rats (SHR), the pressor response to LE 4 or |D-Ala]-ME 9 is markedly greater than in normotensive Wistar Kyoto rats (WKY). Only in SHR but not in WKY, administration of either naloxone or naltrexone inhibits the hypotension produced by clonidine or a-methyldopa. 10 Clondine and a-methylnorepinephrine increase the release of B-endorphin immunoreactivity from slices of the brainstem of SHR but not that of WKY." All these findings suggest that the endogenous opiate neurons are somehow altered in the brain of SHR.
The present study was designed to clarify ME neuronal alteration by measuring methionine enkephalinlike immunoreactivity (MELI) and methionine enkephalin receptor binding (MERB) in various cerebral nuclei of both young and adult SHR.
Methods
The experiments were performed in male SHR and age-matched male normotensive WKY raised in our animal facilities. The animals were used when they reached the age of 4 weeks (young) and 20 weeks (adult). The aortic blood pressures of young and adult SHR, measured without anesthesia and restraint were 108 ± 5 mm Hg (mean ± SEM, n = 5) and 196 ± 7 mm Hg (n = 5), respectively.
For measuring the MELI contents of the cerebral nuclei, the animals were sacrificed by intracardiac perfusion of ice-cold 4% paraformaldehyde in a buffered solution. From each frozen brain, coronal sections (25 fim) were cut serially and processed as described previously. 6 ' l2 They were then mounted on glass cover slips, and brought to reaction for 30 min at 37°C with fivefold diluted anti-ME rabbits sera.
The antiserum, gift of Drs. Takagi and Kuraishi (Kyoto), was not cross-reactive with 8-endorphin and it gave less than 0.3% cross-reactivity with LE. 13 The treated sections were subsequently incubated for 15 min at 37°C with fluorescence-conjugated goat antibody (20-fold diluted) against rabbit IgG (Difco). For standards, we used 8% gelatine sections containing 8 different concentrations (0-1280pmole/g) of ME. The silver granule density of the fluorescence micrographs obtained by exposure to Kodak plus X was measured with a microdensitometer (Gamma Scientific) in cerebral area of 200 fim diameter.
For measuring MERB, the animals were sacrificed by cardiac perfusion of ice-cold 0.1 % formaldehyde in a buffered solution (pH 7.4). From each frozen brain, cryostat brain sections (5 fim) were mounted on microscope slides and incubated for 60 minutes at 40°C with 4 nM of J H-ME (specific activity of 40-60 Ci/ mmole, New England Nuclear, Boston, Massachusetts). For the nonspecific binding, unlabeled ME (4 /xM) was further added to the incubated medium on the mounted tissues. Nonspecific binding, which was defined as the binding in the presence of unlabelled ME, amounted to about 3% of the total binding in most nuclei. For reference standards, we used 8% gelatine slices (5 txm) containing nine different ^H-methionine enkephalin concentrations (0-1280 pmole/g). After cover slips were dipped in a solution of Kodak NTB-2 photographic emulsion (twofold diluted), the emulsion-coated cover slips were dried and glued onto the slides. Cover slip and slide were clamped tightly together with a clip and kept in the light-proof condition until the exposure was complete (8 to 10 weeks). The autoradiographic image on the cover slip was then developed. The silver granule density (200 /xm diameter) was measured with a microdensitometer. For statistical analysis, the Student t test was employed. Brain anatomy and terminology were as described by Konig and Klippel. 14 
Results
Methionine Enkephalin-Like Immunoreactivity (MELI) and ME Receptor Binding (MERB) in the Cerebral Nuclei of Young and Adult Normotensive WKY MELI was shown to be widely distributed in the rat brain. In both young and adult normotensive WKY, MELI levels were found to be high in the n. tractus solharii (caudal part), n. parabrachialis, n. interpeduncularis, n. tegmenti dorsalis, n. suprachiasmaticus, n. periventricularis, n. arcuatus, n. amygdaloideus centralis, all the striae terminal nuclei, and n. accumbens septi (table I). These nuclei contained MElike immunoreactivity of more than 500 pmole/g of the tissue and ME perikarya. The present findings are comparable to results of previous investigations of the rat brain based on immunohistochemistry.
6 " 8 MELI levels in these nuclei were not different in rats between the ages of 4 and 20 weeks. Among the 85 nuclei and areas examined, the tractus spinalis nervi trigemini was the only area in which the MELI levels were significantly (p < 0.05) lower in adult WKY (20 weeks of age) than in young WKY (4 weeks of age). The n. olivaris inferior, substantia nigra pars compacta, n.intralaminaris, n. reticularis thalami, infundibulum, hippocampus dorsalis and ventral is, gyrus dentatus and subiculum were areas and nuclei in which the MELI levels were lower than 20 pmole/g (assay limit). For measuring the ME receptor densities, autoradiograms were used. MERB presence was found to be fairly widespread in the rat brain. Certain areas had enriched number of binding sites compared to others. There was no significant difference between the receptor binding levels in the nuclei of young and adult WKY. As shown in table 2, high levels of ME receptors are found in the n. tractus solitarii (caudal), n. parabrachialis, n. interpeduncularis, n, tegmenti dorsalis, n. periventricularis, n. arcuatus, n. amygdaloideus centralis, striae terminal nuclei, and n. accumbens septi. These nuclei showed high levels of ME receptors containing more than 300 pmole/g tissue in ME perikarya. The nuclei mentioned above corresponded well to the ones with high levels of MELI (table 1) .
MELI and MERB Levels in the Cerebral Nuclei of Young SHR and WKY
As summarized in table 1 and figure 1, MELI concentrations are significantly higher in the n. dorsalis nervi vagi, n. amygdaloideus medialis and most of striae terminal nuclei of young SHR aged 4 weeks than in those of young WKY, whereas the MELI levels of young SHR are lower in the tractus spinalis nervi trigemini, n. reticularis lateralis, n. corporis mamillaris lateralis, and n. arcuatus.
Moreover, MERB levels were also significantly higher in the n. dorsalis nervi vagi. n. amygdaloideus centralis and medialis, and most of stria terminal nuclei of young SHR than in those of age-matched WKY. On the other hand, they were lower in the n. tractus spinalis nervi trigemini, n. reticularis lateralis, n. corporis mamillaris, n. arcuatus and median eminence (table 2). The alteration in the density of ME receptors in these nuclei was comparable to that of the MELI levels.
MELI and MERB Levels in the Cerebral Nuclei of Adult SHR and WKY Alteration of both levels in some of the nuclei of young SHR completely disappeared in adult SHR aged 20 weeks (tables 1 and 2). In adult SHR, MELI contents were significantly higher in the n. reticularis medialis and n. accumbens septi than in those of adult WKY, whereas they were lower in the area lateralis hypothalami (tables 1 and 2). MERB densities were higher in the n. reticularis medialis and n. caudatus than in those of adult WKY. 
FIGURE 1. Alteration of methionine enkephalin-like immunoreactivity (MELI) and methionine enkeplialin receptor binding le\>el (MERB) in cerebral nuclei of young and adult SHR. Closed circles represent a significant increase as compared to age-matched normotensive controls (WKY)
. Open circles represent a significant decrease. Abbrei'iations: ALH = area lateralis hypothalami; ME = median eminence; NAmC and NAmM = n. amygdaloideus centralis and medialis; NAR = n. arcuatus; NAS = n. accumbens septi; NCD = n. caudatus; NCML and NCMM = n. corporis mamillaris lateralis and medialis: NDNV = n. dorsalis nervi vagi; NISTD, NISTM, andNlSTV = n. interstitialis striae terminalis dorsalis. medialis, and ventral is; NPST = n. proprius striae terminalis; NRL and NRM = n. reticularis lateralis and medialis; NTSNT = n. tractus spinalis nervi trigemini; TSNT = tractus spiinalis nervi trigemini (Drawings after Konig and Klippel, ref. 16 ).
Discussion
Evidence presented in this and a previous paper 12 indicate that there is alteration of both MELI and MERB levels in cerebral nuclei of SHR. ME is quantitatively a major opioid peptide in the rat brain. 15 The antiserum to ME used in this experiment was virtually not cross reactive with leucine enkephalin (LE), whereas most of previous investigators 7 '*• l7 utilized the ME antiserum that was reactive to LE by 10% to 30%. Furthermore, the marked heterogeneity of grain distribution in various brain areas and sharp boundaries of grain densities in certain areas indicate that observed localizations of both MELI and MERB are not determined by diffusions but represent the distribution of both levels.
In cerebral nuclei of young SHR, both MELI and MERB levels were markedly higher in the n. dorsalis nervi vagi, amygdala nuclei, and stria terminal nuclei than in those of young WKY. Glucose utilization rate in these nuclei was also high in young SHR. 18 Activation of ME neurons in the n. dorsalis nervi vagi probably interrupts the process of its inhibitory neurons descending to the heart, since stable enkephalin analogs and the narcotic fentanyl given intracerebroventricularly are known to .inhibit baroreceptor-mediated bradycardia after elevation of blood pressure by various means.
3 " 3 These findings may explain why cardiac hypertrophy is present in young SHR well before the development of hypertension. 19 -M As for the increase in both MELI and MERB levels in some amygdala and most of stria terminal nuclei of young SHR, it is noteworthy that low current stimulation of both structures elicits arterial hypotension 21 " 23 and bradycardia.
2223
Norepinephrine and dopamine B-hydroxylase levels in the stria terminal nuclei are low in young SHR. 24 Thus, activation of ME neurons exists in both areas including the limbic depressor neurons. However, the n. reticularis lateralis, n. corporis mamillaris, andn. arcuatus of young SHR contained low levels of both MELI and MERB. Electrical stimulation of the n. reticularis lateralis, which facilitates somatosympathetic reflex, 23 -6 elicits increases in blood pressure, heart rate, and evoked potential recorded from the right inferior sympathetic cardiac nerves." The nucleus containing AI cell group of norepinephrine projects neurons into the spinal sympathetaic lateral cell column in the rat. 27 Dopamine B-hydroxylase in the thoracic lateral cell column is higher in young SHR than in young WKY. 28 The decreased ME neuronal activity in the n. reticularis lateralis may disinhibit the activation of spinal sympathetic neurons. The decrease in both MELI and MERB in hypothalamic arcuate and median eminence of young SHR may alter neuroendocrine function. Lowered levels of MELI and MERB as observed respectively in the tractus spinalis nervi trigemini and n. tractus spinalis nervi vagi of young SHR may facilitate the transmission of sensory information related to pain. Moreover, it is quite interesting that stimulation of the tractus spinalis nervi trigemini results in hypotension and bradycardia. 29 The reduced ME neuronal activity of the trigeminal depressor area contrasts with the ME neuronal activation in the limbic depressor neurons in young SHR.
In adult SHR, the ME neuronal alteration of young SHR brains disappeared completely. Both MELI and MERB levels were increased only in the n. reticularis medialis in adult SHR. Stimulation of the medial medulla including this nucleus is well known to produce hypotension and bradycardia 30 -3I and analgesia. 32 Relationship between activation of ME neurons in the nuclei and maintenance of hypertension in adult SHR needs further investigation.
The present studies provide further evidence that cerebral ME neurons play an important role in the development of hypertension in SHR. Previous studies on the brain of SHR have shown some alteration of catecholaminergic neurons, 24 -28 " cholinergic neurons, 34 - 35 and glucose utilization rate. 18 In conclusion, both activation of ME neuronal activity in the n. dorsalis nervi vagi and limbic depressor neurons, and decreased ME neuronal activity in the trigeminal sensory relay station, the somatosympathetic synapses in the n. reticularis lateralis, and the arcuatal neuroendocrine system may disinhibit the afferent sensory inputs and pronounce sympathetic outflow, resulting in the development of hypertension and hyperreactivity in young SHR. Cerebral ME neurons may play a minor role in the maintenance of hypertension in adult SHR.
